Abstract. Cardiovascular disease (CVD) is the leading cause of morbidity and mortality. CVD has a significant impact on health care systems worldwide and over 23 million individuals are expected to succumb to the disease by 2030. Early onset of atherosclerosis in childhood along with other risk factors of CVD, including elevated circulating lipids, have been shown to persist in adulthood and lead to CVD. Vitamin D deficiency is considered a risk factor for the pathogenesis of CVD, with childhood nutritional status of vitamin D being an important determinant of the development of CVD. Low levels of 25-hydroxyvitamin D can arise due to reduced intake as well as geographical location, and other diseases/conditions such as chronic kidney disease and obesity. Childhood vitamin D deficiency can progress and lead to atherosclerosis and other CVDs in adulthood. Early intervention with vitamin D supplementation is an ideal approach towards preventive therapy. However, there is no clear consensus regarding the role of vitamin D in childhood CVD. In the present study, we reviewed the available evidence in favor of and against such a role for this vitamin. 
Introduction
Cardiovascular disease (CVD) is the major cause of mortality with the exception of cancer and has a significant impact on health care systems and the economy of several countries worldwide, with >23 million individuals expected to succumb to CVD annually by 2030 (1) . CVD is also the leading cause of morbidity and mortality among patients with chronic kidney disease (CKD). These patients exhibit cardiovascular complications such as abnormal arterial compliance, elevated left ventricular mass, and diastolic dysfunction (2) . Early onset of atherosclerosis in childhood (3) along with other risk factors of CVD, such as elevated circulating lipids have been shown to persist in adulthood and lead to disease (4) . Several studies (5) (6) (7) (8) have suggested the possible role of vitamin D deficiency as a risk factor for the pathogenesis of CVD and considered the childhood nutritional status of vitamin D as an important determinant of the development of CVD. However, there is no clear consensus regarding the role of vitamin D in childhood CVD. Thus, we reviewed the available evidence in favor of and against such a role for this vitamin.
Vitamin D is a fat-soluble vitamin, derived primarily from the conversion of sterols in our skin, a reaction promoted by sunlight radiation. The most well-known action of vitamin D is on the calcium homeostasis and bone metabolism, and disturbances in this process are associated with rickets in children and osteomalacia in adults (5) . Vitamin D inhibits the release of calcitonin and parathyroid hormone (PTH) from the thyroid and parathyroid glands. The concerted action of these two hormones and vitamin D regulates the intestinal absorption of calcium and renal calcium and phosphate metabolism and the overall bone metabolism.
Several indirect associations have been identified between vitamin D status and different forms of CVD (Fig. 1) . Thus, a higher mortality rate due to ischemic heart disease was previously observed during winter months (6) . Similarly, deaths due to ischemic heart disease were elevated at higher latitudes, whereas this mortality was decreased in areas closer to the equator (7) . The association between vitamin D and CVDs indicated that in adults, lower circulating 25-hydroxyvitamin D levels are associated with metabolic syndrome, obesity, hypertension, diabetes, myocardial infarction, stroke and overall cardiovascular death (8 
Vitamin D deficiency and disturbed hormonal balance
Many hormone systems and associated pathways are impacted by vitamin D and these in turn influence cardiovascular function through a number of mechanisms. The downregulation of PTH is an important factor by which vitamin D can have a positive effect on heart function, as chronic vitamin D deficiency leads to the over production of PTH, which causes left ventricular hypertrophy (LVH), valvular calcification, myocardial calcification, cardiac arrhythmia and arterial hypertension (10) . Deficiency of vitamin D also leads to increased inflammation, endothelial dysfunction and upregulation of the renin-angiotensin system (RAS), which is known to play an important role in controlling blood pressure, intravascular volume and electrolyte balance. Vitamin D receptor knockout mice were found to have hyperactive RAS together with high blood pressure and cardiac hypertrophy (11) . There was also an inverse correlation between 1,25-dihydroxyvitamin D3 levels in blood and RAS function and blood pressure in normal and hypertensive subjects (12) . Besides affecting heart function through hormonal systems, vitamin D has been shown to influence the cardiomyocyte cell cycle (13) through its receptor, and to suppress cardiac cell proliferation and to protect the structure and function of cardiomyocytes (14).
The association of vitamin D and CVD
In as much as elevated circulating levels of childhood non-HDL cholesterol (or total cholesterol minus HDL cholesterol) have been found to be associated with an increased risk of atherosclerosis-related mortality in adults (15) , childhood non-HDL cholesterol is considered an important marker for CVD risk by the National Heart Lung and Blood Institute (Bethesda, Maryland, USA). Recently, it was shown that higher 25-hydroxyvitamin D levels are associated with lower non-HDL cholesterol in children and it has been suggested that early intervention in children with vitamin D supplementation can help reduce the risk of CVD by reducing the non-HDL cholesterol ( Fig. 1) (16) . Considering the importance of the association between vitamin D and CVD (Fig. 2) , it is noteworthy that almost (19) . The National Health and Nutrition Examination Survey study (Atlanta, GA, USA), with >16,600 subjects, suggested a strong association between vitamin D deficiency and angina, myocardial infarction and stroke (20) . The insufficient intake of vitamin D and reduced blood levels of 1,25-dihydroxyvitamin D3 were shown to predict acute myocardial infarction and stroke after a 10-year follow-up in the elderly population (21).
Inflammation and vitamin D status
Anti-inflammatory effects of vitamin D have been shown to be beneficial in the treatment of congestive heart failure in children. In a double-blind study, it was demonstrated that a 12-week vitamin D supplementation to infants with conges- Figure 1 . Direct and indirect effects of vitamin D deficiency on cardiovascular system. Vitamin D deficiency has several direct and indirect effects on cardiovascular system that have wide-ranging effects on heart function and these effects are associated with several other metabolic disturbances such as diabetes, obesity and hypertension. LVH, left ventricular hypertrophy; VSM, vascular smooth muscle; HDL, high-density lipoprotein.
tive heart failure secondary to dilated cardiomyopathy or congenital heart disease with systemic left ventricular systolic dysfunction, led to a statistically significant increase in the anti-inflammatory cytokine interleukin (IL)-10, while the proinflammatory cytokines IL-6 and tumor necrosis factor-α (TNF-α) were decreased as compared to the placebo control group, comprising of similar patients. These beneficiary changes in IL-10 levels in vitamin D-treated infants were accompanied with echocardiographic improvements in left ventricular dimensions and systolic function indices. The abovementioned studies are an important indication of the therapeutic benefit of vitamin D in controlling paediatric congestive heart failure (22) .
Children with Kawasaki disease have been found to suffer from severely reduced 25-hydroxyvitamin D levels compared to healthy controls (23) . Patients with Kawasaki disease were found to have elevated serum levels of many proinflammatory cytokines, including IL-6 and TNF-α, which trigger vascular endothelial cell activation and vascular wall inflammation. Notably, 1,25-dihydroxyvitamin D3 inhibits TNF-α-induced vascular cell adhesion molecule-1 expression and IL-8 production thus regulating the inflammatory response in human coronary arterial endothelial cells (24) . Several studies have also shown low circulating vitamin D levels in patients with a wide variety of inflammatory conditions, suggesting a strong association between vitamin D status and inflammation-mediated disease processes. There is a strong possibility that 25-hydro xyvitamin D deficiency plays a role in the development of CVD in patients with Kawasaki disease (25).
Vitamin D and metabolic disease
Finding of previous studies have indicated that 25-hydroxyvitamin D3 (derived from animal sources, in particular by sunlight radiation on skin) but not 25-hydroxyvitamin D2 (derived from plant steroids), is positively associated with HDL-cholesterol in children (9) . This is noteworthy because these two forms are converted to the metabolically active vitamin D form in the kidneys. Additionally, there is an apparent lack of association between circulating 25-hydroxyvitamin D2 and many cardiovascular risk factors, whereas a strong inverse correlation between 25-hydroxyvitamin D3 levels and fasting insulinemia was identified (26) . Thus, elevated 25-hydroxyvitamin D3 in children reduces insulin resistance, an important risk factor for diabetes and possibly for CVD. Another study revealed genetic evidence for a causal relationship between elevated blood levels of 25-hydroxyvitamin D and reduced blood pressure and risk of hypertension (27) .
Few clinical trial studies addressing vitamin D supplementation on childhood cardiovascular events are available. In a randomized controlled trial in 14-to 18-year-old healthy African-American youths, vitamin D administration was shown to antagonize the progression of aortic stiffness and to reduce adiposity, an important risk factor for CVDs (28) . In another larger study involving 247 obese children and adolescents aged 8-16 years, it was observed that almost 47% of the children were vitamin D-deficient and that there was a strong correlation of low levels of vitamin D with increased carotid intima media thickness and metabolic syndrome, idependent of other traditional risk factors of atherosclerosis (29) . In a vitamin D deficiency treatment study involving 14 post-menarcheal obese females, no association was identified between vitamin D level and blood pressure. Nevertheless, an improvement of glucose homeostasis in these subjects was observed (30) . In a study on 4-to 16-year-old Turkish pre-pubertal children (31), 98% of patients were vitamin D deficient (<20 ng/ml). However, no relationship between blood 25-hydroxyvitamin D3 levels and body-mass index was observed. However, there was an inverse correlation between HOMA-insulin resistance and serum 25-hydroxyvitamin D3. Female children were also more likely to be vitamin D-deficient.
Vitamin deficiency in CKD
CKD has been known to be associated with CVDs in adults and LVH, which develops in the early stages of CKD, and it is an independent risk factor for mortality with CKD (32) . In a recent study on pediatric patients with CKD, the relationship between parameters of calcium-phosphorous metabolism and the status of 25-hydroxyvitamin D and cardiovascular structure and function were examined (2) . The present findings showed that 25-hydroxyvitamin D status and systolic blood pressure are independent predictors of increased left ventricular mass, whereas diastolic dysfunction can be predicted by the PTH level. The elevated left ventricular mass occured because of the increased after-load on the left ventricle caused by systolic hypertension in these patients. Thus, in pediatric CKD patients there is an association of nutritional vitamin D deficiency with increased left ventricular mass and diastolic dysfunction. Considering the majority of cardiovascular changes cannot be reverted, early intervention with vitamin D supplementation in children is the best preventive measure.
In conclusion, Vitamin D nutritional deficiency or even insufficiency, particularly in children is associated with rickets and disturbed bone and calcium metabolism, as well as inflammatory diseases and progressive CVDs. Low levels of 25-hydroxyvitamin D occur due to reduced intake as well as because of geographical location, leading to diseases such as CKD. Childhood vitamin D deficiency can progress and lead to atherosclerosis and other CVDs in adulthood. Early intervention with vitamin D supplementation is an ideal approach towards preventive therapy.
